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Abstract 
High energy consumption during solvent regeneration is a crucial issue for the CO2 post-combustion capture by 
chemical absorption. In order to save the latent heat in the regeneration process, it is possible to regenerate the 
solvent through direct steam stripping. This work aims to validate the direct steam stripping process by experimental 
study on a lab-scale stripper column. The novel direct steam stripping process showed potential to reduce 
regeneration energy in comparison to the conventional regeneration process. The minimum energy consumption of 
direct steam stripping mode was 2.98 MJ/kg CO2, 23% lower than that of the conventional regeneration mode which 
is 3.88 MJ/kg CO2. Water balance was also investigated. Based on the experimental results, a high feeding solvent 
temperature close to solvent boiling point and superheated carrier steam was preferred for direct steam stripping 
process.  
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1. Introduction 
Amine scrubbing technology has been considered as the most promising route to reduce CO2 emission from 
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existing coal-fired power plants.[1] Solvent regeneration heat duty is the highest contributor in cost of avoided CO2 
and, consequently, remains a crucial issue for the CO2 post-combustion capture by chemical absorption which will 
result in a power output loss of approximately 20-25% when coupled with CO2 compression.[2-5] 
In solvent regeneration process, the heat supplied can be divided in three terms: solvent heating, stripping 
steam production and reaction heat to desorb the CO2 from the solution. During the stripping process, a great 
amount of carrier steam is needed to drive out the CO2 from the liquid. In the current technologies, the carrier steam 
is generated through solvent boiling in a reboiler.[6,7] The excess stripping steam exiting the column is cooled down 
to separate CO2 and then sent back to the stripping or absorbing column, and thus the latent heat of the steam is 
mostly wasted. In order to save the latent heat in the regeneration process, it can be possible to regenerate the 
solvent through direct steam stripping.[8] This method consists in the injection of superheated steam, extracted from 
steam turbine, into the regeneration column as the carrier steam. This steam is then separated from CO2 via a 
condensation after the regeneration column and lower pressure steam is produce by evaporation, and then sent back 
to the low pressure turbine. The steam condensation and evaporation process is made through a heat exchanger by 
utilize the heat released in condensation to evaporate the condensed water at a lower pressure. In this way, a large 
portion of the latent heat can be recovered. The direct steam stripping process has been modelled in Aspen Plus® and 
promising results have been obtained in term of overall parasitic losses.  
This work is an extension of our previous exploration and aims to validate the direct steam stripping system by 
experimental methods. A lab-scale stripping system has been built and series of experiments have been carried out 
for seeking the optimized operation conditions of the direct steam stripping process. 
2. Experimental platform and methodology  
Experimental platform Figure 1 lists the schematic view of the experimental platform. The main apparatuses 
included a stripper column (internal diameter: 0.08 m, total packing height: 1.6 m) a steam generator, a vortex steam 
flow meter, electrical heating rods, a gear pump, a solvent pre-heater, a condenser and a wet gas flow meter. 
Electrical heating rods at the bottom of the column were used to compensate the heat loss of the system. Besides, the 
heating rods could also supplied regeneration heat for a conventional stripping process. The CO2 rich solvent was 
prepared in advance and stored in a rich solvent tank and pre-heated to desired temperature before injected into the 
stripper column. The direct carrier steam was supplied by a steam generator and superheated by 10-50 K above its 
boiling point before injected into the column. The mixture of regenerated gas out of the top of the column was 
cooled down in a condenser. The condensed water was collected in the water tank while the pure CO2 flow rate was 
measured by a wet gas flow meter. Solvent samples were taken from the column from the four sample points along 
the stripper column. MEA concentration and CO2 loading of the solvent samples could be analysed by titration. The 
temperatures and pressures of  each points were recorded by the data acquisition system. 
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Figure 1 (a) Schematic view of the experimental platform 
Methodology The CO2 regeneration energy required in a conventional stripping process can be calculated by 
equation 1.  
2t reboiler preheater loss CO
Q (Q Q Q ) / qm           (1) 
where tQ  is the total heat requirement for the conventional stripping process, J/kg; reboilerQ  is the reboiler duty, W; 
preheaterQ  is the heat supplied by the preheater, W; lossQ  is the heat loss of the column, W; and 2COqm  is the CO2 
mass regeneration rate, kg/s. 
The CO2 regeneration energy required in a direct steam stripping process can be calculated equation 2, 
considering the heat loss of system is compensated by the reboiler. 
2d steam preheater CO
Q (Q Q ) / qm           (2) 
where dQ  is the total heat requirement in the direct steam stripping process, J/kg; steamQ  is the energy loss of the 
carrier steam during the regeneration process, W; calculated by equation 3: 
steam steam,inj steam,inj steam,rec steam,recQ =H qm H qm         (3) 
where steam,injH  is the enthalpy of the superheated steam before injected into the column, J/kg; steam,recH  is the 
enthalpy of the steam recovered after the regeneration process, J/kg; steam,injqm  is the mass flow rate of the steam 
injected, kg/s and steam,recqm  is the mass flow rate of the steam recovered (kg/s) which can calculated by 
steam,rec steam,inj steam,conqm = (qm -qm )F         (4) 
where F  is the proportion of the carrier steam exiting the stripper column which can be recovered through a 
condensation and re-evaporation process, F depends on the temperature pinch of the economizer and the operation 
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parameters of the hot and cold streams. In this work, we assume F =0.8 considering a temperature pinch of 10 to 15 
K. steam,conqm  is the mass flow rate of carrier steam condensed in the column. 
The heat supplied by the preheater can be calculated by: 
2 2preheater sen 0 reac 0 p solvent feed 0 abs,CO CO ,0
Q = Q Q c qm (T T ) H qm   'ˈ ˈ     (5) 
where sen 0Q ˈ  is the sensible heat supplied by the solvent preheater, W; reac 0Q ˈ  is heat of reaction supplied by the 
solvent preheater, W; pc  is the specific heat of the rich solvent, J/(kg K);[9] solventqm  is the mass flow rate of the 
rich solvent, kg/s; feedT  is the feeding temperature of the rich solvent into the stripper, °C; 0T  is an assumed 
temperature of the rich solvent after an economizer with a temperature pinch of 15 K , °C, we choose 0T = 85 °C at 
1 atm; 
2abs,CO
H'  is the CO2 absorption heat with amine, J/kg;[10] and 
2CO ,0
qm  is the CO2 mass regeneration rate of 
the pre-heated solvent injected into the column without any other heat sources (reboiler or direct carrier steam), kg/s. 
The lean CO2 loading of the regenerated solvent can be calculated by:  
2
2 2
CO
CO ,lean CO ,rich
a mine solvent
qn
c qv
D  D 
         (6) 
Where 
2CO ,lean
D  is the CO2 loading of lean solvent, mol/mol; 
2CO ,rich
D  is the CO2 loading of the rich solvent, 
mol/mol; 
2CO
qn  is the CO2 molar regeneration rate, mol/s; a minec  is the amine concentration of the solvent, mol/m3; 
and solventqv  is the volume flow rate of the rich solvent, m3/s. 
3. Results and discussion 
In this set of experiments, the solvent flow rate was 166.7 ml/min. The feeding solvent temperature was in the 
range of 91-99.5 °C. The MEA concentration of the rich solvent was 5±0.05 mol/l and the CO2 loading of the rich 
solvent was from 0.499 to 0.516 mol/mol. The pressure of the column was 1 atm. 
The CO2 regeneration rate and calculated lean CO2 loading as a function of the reboiler duty using the 
conventional regeneration mode are shown in Figure 2. The lean CO2 loading of the solvent after regeneration is 
calculated by eq 6. The CO2 regeneration rate rises rapidly with the increase of the reboiler duty when the reboiler 
duty is low and slows down when the reboiler duty gets higher. At a reboiler duty higher than 300 W, the CO2 
loading of the lean solvent is approximately 0.3 mol CO2/mol MEA. Hence, the equilibrium partial pressure of CO2 
is relative low at such a low loading and the further regeneration of CO2 requires much more steam to drive out the 
CO2 from the liquid which indicates much higher energy consumption. 
The CO2 regeneration rate and the calculated lean CO2 loading as a function of the carrier steam flow rate are 
shown in Figure 3. The carrier steam flow rates in this series of experiments range from 0.08 to 1.523 kg/h. The CO2 
regeneration rate rises rapidly with the increase of the carrier steam flow rate when the carrier steam flow rate is low 
and slows down.when the carrier steam flow rate reaches to about 1.2 kg/h. The calculated lean CO2 loading of the 
1.221 and 1.523 kg/h carrier steam flow rate cases were 0.258 and 0.256 mol CO2/mol MEA respectively which 
indicateds the solution is deep regenerated at those carrier steam flow rates. 
Regeneration energy consumption at various carrier steam flow rate of the direct steam stripping mode and 
various reboiler duty of the conventional regeneration mode is shown in Figure 4, The energy supplied by the 
preheater is also included in the total energy consumption. We assume the recovered carrier steam percentage F =0.8 
according to the evaluation of the heat exchanger. Hence, we can obtain the minimum energy consumption of the 
direct steam stripping mode as 2.98 MJ/kg CO2, 23% lower than that of the conventional regeneration mode which 
is 3.88 MJ/kg CO2.  
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Figure 2 CO2 regeneration rate (black markers) and calculated lean CO2 loading (red markers) after regeneration as a function of the reboiler duty. 
Feeding solvent temperature: 96 °C 
 
Figure 3. CO2 regeneration rate (black markers) and calculated lean CO2 loading (red markers) after regeneration as a function of the carrier 
steam flow rate. Feeding solvent temperature: 96 °C, Carrier steam superheated degree: 30 K 
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Figure 4. Regeneration energy consumption at various carrier steam flow rate (the direct steam stripping mode) and various reboiler duty (the 
conventional regeneration mode). Feeding solvent temperature: 96 °C, carrier steam superheated temperature in the direct steam stripping mode: 
30 K 
The water balance of the stripper column is important, and thus the steam condensation should be minimized 
during the direct steam stripping process. Operating conditions, such as feeding solvent temperature and carrier 
steam superheated temperature were investigated to study the water balance in the column. 
Table 1 lists the total carrier steam weight and the total condensed water weight at different carrier steam 
superheated temperature. From our experimental results, the CO2 regeneration rate changes little with the increase of 
the carrier steam superheated temperature from 12 to 50 K while the steam condensation can be reduced from 20.6% 
to 11.7%.  
Figure 5 shows the regeneration energy consumption and condensed carrier steam percentage as a function of 
feeding solvent temperature. The carrier steam percentage is significantly reduced while the energy consumption is 
increased with the rise of the feeding solvent temperature. For the purpose of water balance, a high feeding solvent 
temperature close to its boiling point is preferred.  
Table 1 Total carrier steam weight and total condensed water weight at different carrier steam superheated temperature. Carrier steam flow rate: 
0.617 kg/h. Feeding solvent temperature: 96 °C 
Carrier steam superheated 
temperature  (K) 
Total carrier steam weight 
(g) 
Total condensed water 
weight in water tank (g) 
Condensed steam 
percentage 
12 509 404 20.6% 
20 468 379 19.0% 
30 465 391 15.9% 
40 478 418 12.6% 
50 477 421 11.7% 
 
 
Figure 5. Regeneration energy consumption (black solid markers) and condensed carrier steam percentage (red hollow markers) as a function of 
feeding solvent temperature. Carrier steam superheated degree: 30 K; carrier steam flow rate: 0.617 kg/h 
4. Conclusions 
This paper investigated the direct steam stripping process by experimental methods. The novel direct steam 
stripping process showed potential to reduce regeneration energy in comparison to the conventional regeneration 
process. The steam condensation issue was also studied. By using a relatively high feeding solvent temperature and 
a high carrier steam superheating temperature, the steam condensation in the column could be significantly reduced. 
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